The appearance of newly induced LamB protein at the cell surface of Escherichia coli was followed topographically by immuno-electron microscopy. LamB protein was induced in E. coli wild-type or lac-lamB cells for a short period of time (4 to 6 min), such that the overall level of LamB protein in induced cells was at least twofold higher than that in uninduced cells. Antibodies bound to LamB protein exposed at the cell surface were labeled with a protein A-gold probe, and the probe distribution in briefly induced cells was compared to that in uninduced cells. Analysis of large numbers of cells showed that newly inserted LamB protein appeared homogeneously over the entire cell surface, both in wild-type cells and in lac-lamB cells. A peak of insertion which was observed at the division site of the cell was also observed in the absence of induction and in control experiments in which a nonspecific probe was used. It is concluded therefore that insertion of LamB protein into the cell envelope ofE. coli occurs at multiple sites over the entire cell surface. The average amount of LamB protein which appeared at the cell surface after induction was determined for various cell size classes. 
The appearance of newly induced LamB protein at the cell surface of Escherichia coli was followed topographically by immuno-electron microscopy. LamB protein was induced in E. coli wild-type or lac-lamB cells for a short period of time (4 to 6 min), such that the overall level of LamB protein in induced cells was at least twofold higher than that in uninduced cells. Antibodies bound to LamB protein exposed at the cell surface were labeled with a protein A-gold probe, and the probe distribution in briefly induced cells was compared to that in uninduced cells. Analysis of large numbers of cells showed that newly inserted LamB protein appeared homogeneously over the entire cell surface, both in wild-type cells and in lac-lamB cells. A peak of insertion which was observed at the division site of the cell was also observed in the absence of induction and in control experiments in which a nonspecific probe was used. It is concluded therefore that insertion of LamB protein into the cell envelope ofE. coli occurs at multiple sites over the entire cell surface. The average amount of LamB protein which appeared at the cell surface after induction was determined for various cell size classes. It was found that cells of various size classes all synthesized LamB protein after induction, indicating that synthesis of the protein was not restricted to cells in a particular stage of the cell cycle. However, the rate of LamB synthesis was found to vary during the cell cycle: this rate was constant regardless of cell size in nondividing cells, whereas it increased in dividing cells. It is concluded that the accumulation of newly induced LamB protein follows a linear pattern.
During the division cycle, the cell envelope of Escherichia coli grows and invaginates as the cell doubles in length and divides into two daughter cells. Since the envelope consists of three layers, i.e., the inner membrane, the peptidoglycan layer, and the outer membrane, this process is a complicated one, requiring a high degree of coordination. Surface extension can be studied at the level of overall cell growth (mass, volume, or surface) or at the level of incorporation of individual envelope components (11) . This paper deals with the second approach.
The general problem of where outer membrane components are inserted has been addressed before. Thus, newly synthesized lipopolysaccharide was found to be inserted at sites distributed all over the cell surface (10) . Similarly, studies on outer membrane porin suggest that the outer membrane grows predominantly by diffuse intercalation of new components (3, 16) . In contrast, however, several phage receptors (generally protein-lipopolysaccharide complexes) have been reported to be inserted either in the vicinity of the septum as it is formed (phage X receptor [14] and phage T6 receptor [7] ) or at the cell poles (phage T6 receptor [4] ).
We therefore decided to reinvestigate the insertion pattern of the LamB protein, which is both a phage receptor component and an outer membrane component. To specifically follow the insertion of the LamB protein, we used immuno-electron microscopy. To maximize the discrimination between diffuse and zonal insertion, we used conditions resulting in a high sensitivity detection of the newly induced and inserted protein (18) . These experiments were carried out with wild-type cells by induction with maltose and cyclic AMP. They were also carried out with a lac-lamB fusion strain, which carries the lamB gene under lac promoter control (9) and provides us with the best LamB induction system available (18 
RESULTS
Choice of cells to be analyzed. To localize the insertion sites of newly induced LamB protein by immuno-electron microscopy, it was important to reduce the level of "old" LamB protein, i.e., LamB protein already present in uninduced cells, to a minimum. In E. coli lac-lamB cells, LamB background was found to be extremely low; in wild-type cells, LamB background was generally higher, but it could be reduced to a minimum level (amounting to two-to threefold that in lac-lamB cells) by adding Casamino Acids to the growth medium (18) .
For the topographical analysis of LamB insertion, induction should be long enough to allow the synthesis and insertion of measurable amounts of LamB protein but short enough to prevent redistribution of newly inserted LamB protein all over the cell surface. We therefore analyzed induced cells which had an average LamB content at least twofold that of uninduced cells; these levels were checked by quantitating the amount of cell surface exposed LamB protein with highly specific anti-LamB trimer antiserum and radioiodinated protein A (18 Fig. 1 and 2 , panels a and b), and it is consistent with our previous measurements of LamB protein levels, using 125I-protein A (18) . Second, the degree of labeling was not uniform for all cells of a population; in particular, for the wild-type cell population ( Fig. 1) we, like others (14) , observed a high degree of heterogeneity. Third, the overall distribution pattern of LamB protein appeared to be random: gold particles (grains) were found dispersed over the entire cell surface, both in wild-type and in lac-lamB cells ( Fig. 1 and 2 ). It is stressed that the observed gold particles are located on either side of the cell, as checked by stereo photography.
The position of the grains on the cells was scored, both for uninduced and for induced cells (Fig. 3) . Nondividing and three classes of dividing cells were analyzed separately ( Fig.   3d and h, a to c, and e to g, respectively). Our results show that labeling of LamB protein occurs all over the cell surface, both in wild-type cells and in lac-lamB cells.
Dividing cells of an induced cell population showed a peak of labeling at the division site; since a similar peak was, however, also observed in uninduced cells (Fig. 3 , cf. upper and lower curves), it is clear that this peak cannot be due to preferential insertion of newly induced LamB protein at the division site. Instead, this septal enrichment of label might be either aspecific (i.e., caused by drying artefacts or local sticking of immunoglobulin G's in the division furrow or both) or specific (i.e., representing a high local concentration of LamB protein). To discriminate between these possibilities, we analyzed the distribution pattern of preimmune antibodies over the surface of uninduced cells (in this case, lac-lamB cells; Fig. 4) . Comparison with the distribution pattern of LamB-specific antibodies clearly showed that the central peak observed in dividing cells is an aspecific one, not related to septal enrichment of LamB protein.
When nondividing cells were subdivided into several size classes, a LamB distribution pattern similar to that in Fig. 3 (d and h) was detected for all size classes (data not shown). In particular, we did not observe a polar enrichment of LamB protein in newborn cells, as reported previously (14) .
The LamB distribution patterns shown in Fig. 3 all have a somewhat oval profile, which is related to the shape of the cells. This was shown by determining the distribution pattern in a strip along the length axis of wild-type cells. The flatness of these distribution patterns indicates that the oval profiles of Fig. 3 reflect cell shape. Heterogeneity of the cell population. Since LamB protein was not homogeneously distributed over various cells of a population, it was important to determine whether different subpopulations of cells showed differences with respect to the LamB insertion pattern. The heterogeneity of a cell population is illustrated in Fig. 5 , both for wild-type cells (a and b) and for lac-lamB cells (c and d). A comparison of the normalized distributions (number of cells versus the number of gold particles per cell) showed that the heterogeneity was slightly greater in induced wild-type cells than in induced lac-lamB cells. Two features probably account for this difference. First, there is a preexisting heterogeneity of the uninduced wild-type cell population which is more extensive than that of the uninduced lac-lamB cells (Fig. 5, cf. a and c) . Second, wild-type cells synthesize more LamB protein than do lac-lamB cells in the induction times used (Fig. 5, b LamB background level, whereas the LamB content in laclamB cells induced for 4 min was only 2.1-fold higher than that in uninduced cells.
Subpopulations of induced wild-type cells having different amounts'of LamB protein were selected, and the topography of LamB insertion of these subpopulations was determined. It was found that cells of all subpopulations tested showed a diffuse insertion pattern, analogous to the overall patterns in Fig. 3 .
In conclusion, our results with respect to the overall pattern of LamB insertion show that after induction a random pattern of LamB insertion is superimposed on the preexisting one; this result applies to all cell' size classes analyzed. Possible interpretations will be discussed below. VO By using this approach, the rate of LamB synthesis was found to be constant and independent of cell length in induced nondividing cells; as a result, the surface density of newly induced LamB protein (defined here as the number of grains per pum of cell length) decreased as cells grew longer (Fig. 6, A and M) . By contrast, in dividing cells, the rate of newly induced LamB synthesis increased sufficiently with length so that the surface density of the protein also increased (Fig. 6, A and El). It was determined that the central peak found in dividing cells (Fig. 3) hardly contributed to this phenomenon: when the central area was taken out in induced lac-lamB cells, a grain density pattern similar to that in Fig. 6 Fig. 3b) , and the lower panel shows the distribution profile of cells which had just started constriction (comparable to Fig. 3c) . Details of the plots are as in Fig. 3 . continuous accumulation of LamB protein in uninduced wild-type cells (Fig. 6, 0 and 0) or the continuous accumulation of OmpF protein in lac-lamB cells (Fig. 7) , no significant variations in outer membrane protein density could be observed, either by us or by others (1, 5) .
DISCUSSION
Topography of LamB insertion. LamB protein was found to be distributed homogeneously over the entire cell surface as soon as it could be detected; this was found for both LamB protein produced under wild-type control and for LamB protein produced under lac promoter control.
Our results are therefore at variance with those of Ryter et al. (14) , who reported that integration of phage receptor (i.e., LamB protein probably complexed with lipopolysaccharide; 20) occurs preferentially in the vicinity of the constriction site. Although we have also detected a central peak of label in dividing cells, this peak was found not to be related to LamB protein.
There are several methodological differences in the experiments of Ryter et al. (14) and those described here, some of which might help explain these seemingly incompatible results. One of these is that Ryter et (12) . In fact, Ryter et al. (14) have interpreted their results to indicate that integration of the phage X receptor, and probably its synthesis as well, is coupled to cell division. However, our results clearly show that LamB protein is synthesized and inserted during the entire cell cycle, as indicated by the probe distribution patterns of different cell size classes.
-Despite the fact that all cells synthesized LamB protein immediately after induction, the rate of LamB synthesis was highest in dividing cells, suggesting that variations in the rate of synthesis, rather than exclusive synthesis at one particular cell age, might be responsible for the cell cycle-dependent patterns of lamB mRNA synthesis observed previously (13) .
To check this point, we classified cells b'y size (roughly corresponding to age)'and the relative rates of LamB synthe-4 sis. This was possible because we have found in other experiments that the appearance of LamB molecules at the cell surface follows the appearance of total LamB protein in cell lysates within 1 min. Moreover, the linear appearance of LamB at the cell surface reflects the linear synthesis of total cellular LamB (manuscript submitted). Thus, the number of LamB molecules detected at the cell surface of individual cells provides information on the number of LamB molecules synthesized by each cell during the first 4 to 6 min after induction.
Analysis (-) and of dividing cells ---) were analyzed separately. Insertion of LamB protein at insertion regions. Several laboratories have tried to define insertion regions. Insertion of various outer membrane components has been described to take place at the cell septum (14) , at some 200 sites of adhesion between the cytoplasmic and the outer membranes (2) , at multiple discrete patches probably related to adhesion sites (16) , and above mobile polysomes (6) .
Our results show that at least for the LamB protein insertion occurs at many points over the entire cell surface of all cells in a population. Whether insertion occurs at specific structural sites (fixed or mobile) as reported for outer membrane porin (16) or whether insertion occurs at essentially any site on the cell envelope remains to be determined. Our results do not exclude the possibility that insertion regions are located in multiple specific and reproducibly placed regions in every single cell; they do, however, exclude zonal insertion of LamB protein.
